To investigate the influence of solar cycle variability on the sporadic E layer (Es), hourly measurements of the critical frequency of the Es ordinary mode of propagation, foEs, and of the blanketing frequency of the Es layer, fbEs, recorded from January 1976 to December 2009 at the Rome (Italy) ionospheric station (41.8°N, 12.5°E), were examined. The results are: (1) a high positive correlation between the F10.7 solar index and foEs as well as between F10.7 and fbEs, both for the whole data set and for each solar cycle separately, the correlation between F10.7 and fbEs being much higher than the one between F10.7 and foEs; (2) a decreasing long-term trend of the F10.7, foEs and fbEs time series, with foEs decreasing more rapidly than F10.7 and fbEs; (3) clear and statistically significant peaks at 11 years in the foEs and fbEs time series, inferred from Lomb-Scargle periodograms.
Introduction
Usually the term ''sporadic-E layer'' (Es) refers to ions and electrons confined within very thin layers (0.6-2 km), appearing at the ionospheric heights typical of the E region (95-120 km), whose density can reach much higher values than those of the normal daytime E region. Es layers can seriously affect the HF and low-VHF communications, causing over the horizon propagation for signals otherwise restricted to line-ofsight (Rice et al. 2011 ). In the past years, the characteristics of mid-latitude Es layers have been extensively studied by many authors (see reviews by Whitehead 1970 Whitehead , 1989 Mathews 1998; Haldoupis 2011 Haldoupis , 2012 . The most accredited theory in explaining the formation of the Es layers is the vertical wind-shear theory, conceived in the 1960s studies mostly associated with the atmospheric gravity waves (Whitehead 1961; Axford 1963; Chimonas & Axford 1968) . The main parameters on which this theory is based are: the concentration of the metallic ions of meteoric origin, the Earth's horizontal magnetic field component and the vertical wind shears of the neutral horizontal winds. The latter, thanks to a combined action of the ion-neutral collisional coupling and the geomagnetic Lorentz force, trigger the long-lived metallic ions produced by the continuous meteoric shower activity to move vertically into the convergence node of the neutral horizontal wind vertical profile, thus forming dense and narrow ionization layers. More specifically, it has been found that the appearance and intensity of mid-latitude Es layers is influenced by vertical wind shears related to tidal waves, gravity waves and planetary waves, that compel the metallic and molecular ions into thin layers at altitudes from 95 to 120 km (Chimonas 1971; MacDougall 1974; Wilkinson et al. 1992; Szuszczewicz et al. 1995; Tsunoda et al. 1998; Haldoupis & Pancheva 2002; Haldoupis et al. 2004; Pignalberi et al. 2014 Pignalberi et al. , 2015 .
In the last decades, many authors have investigated the influence of solar cycle on Es layer. The majority of works debated this issue in terms of Es occurrence percentages, with limiting varying values of the critical frequency of the Es ordinary mode of propagation (foEs) (Kotadia 1969; Baggaley 1984; Pietrella & Bianchi 2009 ). Kotadia (1969) , who considered less than half a solar cycle data, found a negative correlation between the Es occurrence and the solar activity. Baggaley (1984) while analysing data covering three solar cycles, that were recorded at two stations located in the southern hemisphere, found a positive correlation between the long-term occurrences of the blanketing frequency of Es layer (fbEs) and the Zurich sunspot number R z , but he did not find any correlation for foEs. More recently, also Pietrella & Bianchi (2009) , analysing data recorded at one mid-latitude station over three solar cycles, found no significant dependence of foEs occurrences on solar cycle variability. Pietrella et al. (2014) , by using the same data set of Pietrella & Bianchi (2009) , showed also that, regardless of the solar activity, Es develops concurrently over extended regions in space, instead of being a spatially limited layer. Instead of considering the Es occurrence, Bossolasco & Elena (1963) and Maksyutin et al. (2001) investigated this issue by analysing simply the foEs values. Bossolasco & Elena (1963) used data recorded at several mid-latitude stations between 1958 and 1962 to show that higher yearly mean values of foEs occur generally with higher yearly mean sunspot numbers, and they proposed a basic analytical relation between these two quantities. Also Maksyutin et al. (2001) , referring to data recorded at Moscow during three solar cycles, found that daytime yearly mean values of foEs are positively correlated with yearly mean sunspot numbers.
Nonetheless, Whitehead (1989) in his review paper says that in general foEs shows little variation with sunspot number, and long-term trends are apparently unrelated to solar activity. Hence, from the existing literature it emerges that this issue is still under debate.
The analyses described in this paper, that are based on foEs and fbEs time series and not on Es occurrence percentages, are much more refined than those performed by Bossolasco & Elena (1963) , and by Maksyutin et al. (2001) , and show unambiguously that the solar variability affects the Es layer.
The data set considered, how the data analysis has been carried out and the corresponding results are described in Section 2. The discussion of the results and the conclusions are the subject of Section 3.
Data set, analysis and results
The data set considered in this study is constituted by hourly values of foEs and fbEs recorded at the ionospheric station of Rome (41.8°N, 12.5°E), Italy, from January 1976 to December 2009, and validated according to the URSI (International Union of Radio Science) standard (Piggott & Rawer 1972) . Data were downloaded from the electronic Space Weather upper atmosphere (eSWua) database (http://www. eswua.ingv.it/) (Romano et al. 2008) . As indicator of the solar activity the index F 10.7 is considered.
It must be pointed out that during the investigated period there was no change of ionosonde from the classical one to the DPS4 digisonde (Bibl & Reinisch 1978) , which could have led to a significant decrease of foEs average values (Lastovicka et al. 2012 (Zuccheretti et al. 2003) .
This means that the foEs and fbEs validated time series considered in this study represent a reliable and homogeneous data set. Moreover, it is worth noting that it is rare to rely on validated foEs and fbEs data recorded for more than three solar cycles. This means that the considered data set, covering 33 years of measurements, is particularly valuable and suitable to search for a possible influence of solar activity on Es layer. Table 1 shows the time interval, and the corresponding minimum and maximum activity in terms of F 10.7 , of each of the three considered solar cycles.
With the aim to investigate the possible influence of solar cycle variability on Es layer, the foEs and fbEs values recorded between 10:00 LT and 14:00 LT were used to calculate the time series of mean values around 12:00 LT, foEs 12LT and fbEs 12LT (black curves in Fig. 1 ). The few gaps present in the foEs 12LT ðfbEs 12LT Þ time series, concentrated mostly in the winter months, and caused by the absence of the Es layer between 10:00 LT and 14:00 LT, were filled with the mean of the corresponding values of the previous and next day; in case the values of the previous and the next day were not available, the gap was filled with the monthly mean value. We focused our attention on the mean around 12:00 LT, because it is known that mid-latitude Es layers present a maximum of electron density right around this local time hour (i.e. Bossolasco & Elena 1963; Pignalberi et al. 2014) . Table 2 shows the occurrence percentage of the various types of Es traces, l(ow), c(usp) and h(igh), recorded between 10:00 LT and 14:00 LT, for the whole data set from January 1976 to December 2009.
Once the foEs 12LT and fbEs 12LT time series were generated, the time series of the corresponding 365 day running means, foEsð365Þ 12LT and fbEsð365Þ 12LT , were also generated (red curves in Fig. 1 ). Our analyses, which are essentially based on foEsð365Þ 12LT and fbEsð365Þ 12LT , and on the 365 days running mean of the daily values of F 10.7 , " F ð365Þ, are then much less rough than those carried out by Bossolasco & Elena (1963) , and Maksyutin et al. (2001) , which are based on yearly averages of foEs and the sunspot number.
The methods used to investigate the possible role played by the quasi 11-years solar cycle activity on Es layer are three: (a) a comparison between " F ð365Þ and foEsð365Þ 12LT ðfbEsð365Þ 12LT Þ for the whole considered period (Fig. 2) , performing at the same time a linear regression analysis on the corresponding long-term trends (Fig. 3) ; (b) a linear regression analysis to compare " F ð365Þ with foEsð365Þ 12LT ðfbEsð365Þ 12LT Þ for each single solar cycle (21, 22 and 23) , distinguishing also between the corresponding ascending and descending phase (Fig. 4) ; (c) a Lomb-Scargle analysis both on the foEs 12LT and fbEs 12LT time series and on the foEsð365Þ 12LT and fbEsð365Þ 12LT time series, in order to highlight which periodicities are embedded in the foEs and fbEs time series. The corresponding periodograms are shown in Figure 5 .
Discussion and conclusions
From the visual inspection of foEs 12LT and fbEs 12LT trends (black curves in Fig. 1 ), an annual oscillation of foEs and fbEs clearly emerges (also highlighted by the left periodograms of 5 ). However, although less evident, also a wave-like oscillation related to the solar cycle seems to be imprinted in this time series.
In order to find a possible relationship between the solar cycle variability and foEs (fbEs), the time series of foEsð365Þ 12LT and fbEsð365Þ 12LT were generated; the 365 day running mean in fact acts as a low pass band filter, which eliminates the high frequencies, permitting as a consequence to better emphasize possible multi-year periodicities. Actually, the red curves in Figure 1 suggest that a possible correlation between the solar cycle activity and the values of foEs and fbEs around 12:00 LT seems to be plausible.
The solar cycle influence on Es layer seems to be confirmed also from the high and statistically significant (confidence level of 95%) value of the correlation coefficient (q = 0.77) between " F ð365Þ and foEsð365Þ 12LT (Fig. 2a) , and the even higher value of the correlation coefficient (q = 0.94) between " F ð365Þ and fbEsð365Þ 12LT (Fig. 2b) . Moreover, the three decreasing long-term trends of " F ð365Þ, foEsð365Þ 12LT and fbEsð365Þ 12LT , as observed in Figure 3 , suggest that on the whole the characteristics foEs and fbEs follow the solar index F 10.7 . With regard to the comparison between foEsð365Þ 12LT and " F ð365Þ, a greater normalized slope (À0.01444 vs. À0.00899) indicates that, besides the solar activity, also some other physical mechanism concurs to the decrease of foEs. It is interesting to highlight that the decreasing trend characterizing foEs was noticed also by Maksyutin et al. (2001) , who used a data set of three solar cycles, as we did in this work; however, it is worth noting that the two data sets are shifted of about 20 years (1955-1988 vs. 1976-2009) , which underlines that this decrease is a feature that has characterized the foEs trend since more than half a century.
With regard to the comparison between fbEsð365Þ 12LT and " F ð365Þ, the linear fit shows that the corresponding normalized slopes (À0.00695 vs. À0.00899) are not so different from each other, thus indicating that the decreasing long-term trend of fbEs follows quite faithfully that of F 10.7 , and this constitutes a further evidence in favour of the influence of solar activity on Es layer.
To investigate this feature deeper, a comparison between " F ð365Þ and foEsð365Þ 12LT (fbEsð365Þ 12LT Þ was carried out for each solar cycle, highlighting the different trends characterizing the corresponding ascending and descending phases. A high positive and statistically significant (confidence level of 95%) correlation was found between " F ð365Þ and foEsð365Þ 12LT for all the three solar cycles (q 21 = 0.81, q 22 = 0.95, q 23 = 0.84) as well as for their corresponding ascending and descending phases (q 21,asc = 0.78, q 21,desc = 0.91; q 22,asc = 0.86, q 22,desc = 0.98; q 23,asc = 0.96, q 23,desc = 0.77) (Figs. 4a-4c ). Even higher correlations were found between " F ð365Þ and fbEsð365Þ 12LT for all the three solar cycles (q 21 = 0.98, q 22 = 0.96, q 23 = 0.88) as well as for their corresponding ascending phases (q 21,asc = 0.99, q 22,asc = 0.96, q 23,asc = 0.98), while for the descending phases slightly smaller correlations than those found between " F ð365Þ and foEsð365Þ 12LT were obtained for the solar cycles 22 and 23, (q 21,desc = 0.98, q 22,desc = 0.96, q 23,desc = 0.75) (Figs. 4d-4f) .
The very high positive correlations characterizing both the ascending and descending phases of each solar cycle indicate that both foEs and fbEs follow the solar activity cycle well, and therefore they provide further important proofs in support of the influence of solar cycle variability on Es layer.
From a careful visual inspection of Figures 4a-4c it emerges that for solar cycles 21, 22 and 23 the descending phase trends (red curves) lie above the ascending ones (blue curves) in the ranges (100-200), (130-215) , respectively, it is possible to state that the percentages for which the descending curves lie above the ascending ones are about 77%, 60% and 70%, respectively, indicating in general that foEs values in the descending phase are greater than those characterizing the ascending one. This circumstance suggests that foEs is affected by a sort of hysteresis phenomenon keeping ''memory'' of its past history and going ''slowly'' down towards the solar minimum phase. This feature constitutes a new and interesting finding because, as far as we know, a similar result does not appear in the existing literature. It is very difficult to now give a physical explanation of this phenomenon and we think that further studies, based on foEs data recorded in other ionospheric stations, are needed.
The apparent lack of correlation observed in the range (150-190) 10 À22 Wm À2 Hz À1 for solar cycles 21 (Fig. 4a ) and 23 (Fig. 4c) during the descending phase, as well as during the ascending phase in the range (170-190) 10 À22 Wm À2 Hz À1 for solar cycle 21 (Fig. 4a) , may be the signature that foEs shows a certain inertia to decrease (for the descending phase) or to increase (for the ascending phase) around high levels of solar activity. Also this constitutes a new and interesting feature for which we do not yet have a physical explanation. What we can say is that the inertia of foEs to increase for large values of F 10.7 somehow reminds us of the saturation effect experienced by foF2 as the solar activity increases, but this is obviously speculative and a deeper investigation is needed.
A lack of positive correlation, during the ascending phase of solar cycle 22, is observed also in the small range (100-110) 10 À22 Wm À2 Hz
À1
, but a slow and constant increase of foEs can be observed in the range (110-190) 10 À22 Wm À2 Hz À1 (Fig. 4b) . Anyway, in spite of some ranges of F 10.7 where the correlation is poor, on the whole the correlation coefficients remain rather high. With regard to the visual inspection of Figures 4d-4f the following considerations can be done: (a) for the solar cycle 21 the ascending phase trend (blue curve) lies above the descending one (red curve) in the range (75-170) 10 À22 Wm À2 Hz
, which corresponds to a percentage of about 66%; therefore, this situation is practically reverse to that observed for foEs (Fig. 4a) ; (b) the situation for the solar cycle 22 is quite similar to that observed for foEs (Fig. 4b) with a descending phase trend (red curve) lying above the ascending one (blue curve) in the range (110-190) 10 À22 Wm À2 Hz
, which corresponds to a percentage of about 56%; (c) a very tangled situation is observed for the solar cycle 23 for which it is not possible to distinguish a long range of F 10.7 for which the ascending (descending) phase clearly prevails on the descending (ascending) one.
Thus, except for the solar cycle 22, and differently from foEs, fbEs does not seem to be subjected to a hysteresis phenomenon.
Finally, in order to better emphasize possible multi-year periodicities, the Lomb-Scargle analysis was applied both on foEs 12LT and foEsð365Þ 12LT time series, as well as on fbEs 12LT and fbEsð365Þ 12LT time series. The corresponding periodograms (Figs. 5a, 5b and 5c, 5d) show the presence of a statistically significant (confidence level of 95%) peak at about 11 years, indicating unequivocally the signature of the influence of the quasi 11-years solar cycle variability on the ionospheric characteristics foEs and fbEs, hence on Es layer.
Concerning the physical explanation of the results achieved in this study, some preliminary considerations are needed. The molecular ions (O 2 + and NO + ) and the long-lived metallic ions (Fe + and Mg + ) are the two main elements that must be considered when we talk about Es layers, because the former concur to the maximum electron density and thickness of Es layer and the latter contribute essentially to its formation (Harper et al. 1975) .
With regard to the metallic ions, even though these are essentially produced by meteoric shower activity, there is also another important aspect that should be taken into account, that is that they can be also generated indirectly by photoionization (Withers et al. 2008) . This means that the long-lived metallic ions, as on the other hand is certainly true for the molecular ions, have also a component of solar origin, and therefore their concentrations depend also on the radiation flux coming from the Sun. This implies that also the density of free electrons, which follow the molecular and metallic ions by moving along the field lines to maintain charge neutrality (Rishbeth & Garriott 1969) , is expected tovary during the solar cycle variability. This feature would explain why to solar activity variations may correspond changes of the free electrons related to molecular ions, thus determining variations of the maximum frequency reflected by the Es layer, and why to solar activity variations may correspond changes of the free electrons related to metallic ions, which determine changes of the blanketing frequency.
These considerations are likely to give also an explanation for the very similar trends observed in Figures 1-3 and 5 and may justify: (a) the high positive and statistically significant correlations between the solar activity (in terms of " F ð365Þ) and the Es layer (in terms of foEsð365Þ 12LT and fbEsð365Þ 12LT ) which are found considering the three solar cycles all together and each solar cycle with its ascending and descending phases; (b) the clear peak emerging at quasi 11-years from the Lomb-Scargle periodograms.
The semidiurnal tides, triggered mainly by the stratospheric heating due to the absorption of UV solar radiation by ozone, could represent a further possible physical explanation of the results achieved in this study. This means that the solar cycle is expected to have some impact on the semidiurnal tides' amplitude, because the UV variations, occurring during the solar activity cycle, can modify the stratospheric heating (Vial 1993) .
From an investigation performed on a time interval of more than 4 years, covering a period of maximum and decreasing solar activity, it has emerged that the variability of the amplitudes of the semidiurnal tides decreased with decreasing solar activity, thus suggesting a positive correlation between the solar activity and the variability of the semidiurnal tide (Pancheva et al. 2003) .
Moreover, Cooper (1982) found that, over a sunspot cycle, a UV variation of 20% would result in a 12% change in the semidiurnal tide amplitude.
In the light of these considerations, and considering that the wind-shear theory is the most accredited in explaining the midlatitude Es layer formation (Whitehead 1989; Mathews 1998) , the results described in this paper could be also explained by invoking the solar cycle UV variations which modulate the stratospheric warming. In fact, it is reasonable to infer that the amplitude of the semidiurnal tides triggered by the stratospheric warming is expected to increase or decrease during periods of increasing or decreasing solar activity; this concurs more or less effectively, through the wind-shear mechanism, which compels the long-lived metallic ions to converge into thin plasma layers, to the formation of more or less dense Es layers. This reasoning, if we think about the physical meaning of fbEs, the numerical values of which express the level of transparency of the Es layer, and hence how much dense it is, could explain why the correlation coefficients between the ionospheric characteristic fbEs and the solar activity (see are almost always greater than those related to foEs (see . This indicates that fbEs is more suitable than foEs in emphasizing the signature of the influence of the solar cycle variability on Es layer.
As it was mentioned in the Introduction, although the influence of solar activity on Es layer has already been investigated by many authors (Bossolasco & Elena 1963; Kotadia 1969; Baggaley 1984; Whitehead 1989; Maksyutin et al. 2001; Pietrella & Bianchi 2009; Pietrella et al. 2014) , it is still a topic of debate. This is why we think that this work could be important, because the analyses shown in this paper, which are surely more refined than the previous studies on the subject, show beyond any doubt that the daytime Es layer is positively correlated with the solar activity, a result which is an unequivocal proof in support of the influence of solar activity on Es layer.
